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Abstract
Load-independent, fixed-speed operation of prime-movers, such as gas turbines and
diesel engines, leads to degraded efficiency at part-loaded conditions. This thesis looks
at a hybrid power-system architecture that can boost fuel economy through coordi-
nated variable-speed operation of both prime-movers and drive loads. The propulsion
plant of an electric ship serves as an example of a micro-grid with a focus on efficiency
and dynamic performance. The proposed power distribution system employs doubly-
fed machines for generation and for variable speed loads, and can be used where
variable-speed operation improves prime-mover efficiency while minimizing required
power electronics ratings. The hybrid power-system architecture achieves reduced fuel
footprint, less weight and volume constraints by minimizing system power-electronics
rating and allows for a selection of an optimum prime-mover.
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Chapter 1
Introduction
Fuel efficiency in marine propulsion systems is of supreme importance not only to
reduce the requirement of on-board fuel storage per mission but also to meet the
evolving emission standards as set by the International Maritime Organization. For
example, the fuel requirement in a typical naval vessel for a 15-day mission can occupy
70% by mass and 75% by volume of the entire energy-conversion chain from the fuel
to the propulsion [4]. The primary bottleneck in achieving better fuel efficiency are
the prime-movers, such as gas turbines and diesel engines, which are conventionally
designed to operate at constant speed with maximum efficiency at or near the rated
load conditions while the ship operates predominantly under partly loaded conditions.
For example, reference [5] shows that a typical ship operates more than 80% of its
annual hours at or below 50% of its maximum operating speed, which implies part-
load operating conditions relative to the prime-mover.
Operating the ship prime-mover at variable speed depending on the load opens
up opportunities in achieving a 12%-13% fuel savings as shown in Fig. 1-1 along with
large reductions in C02 and NOx emissions [1, 6, 7]. In the conventional approach,
as shown in Fig. 1-2, in which the ship prime-mover is coupled to a synchronous
generator, variable-speed operation of the prime mover leads to a direct penalty of
variable-frequency AC generation at the ship electric bus making parallel operation
of multiple prime-mover-synchronous-generator combos - an essential feature for
a reliable multi-megawatt electric ship propulsion system - nearly impossible. To
15
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Figure 1-1: Impact of load-dependent variable-speed operation on prime-mover effi-
ciency [1] . At part-load (40% of the rated load), operating prime-mover speed at
0.83 p.u. (instead of 1 p.u.) boosts efficiency by 12.8%.
circumvent the challenge of variable-frequency AC-grid generation without sacrificing
fuel efficiency, different power-system architectures are proposed such as conversion
of the entire generated AC power to DC followed by medium voltage DC (MVDC)
distribution for the integrated ship power system [1]. However, the MVDC power
architecture requires total conversion of the ship's generated power to DC, and then
reconstruction of variable AC waveforms using an inverter. A significant investment
in power electronics is required, not only for the inverter but also for the power-factor-
corrected rectifier likely needed to interface with the synchronous generator.
Prime PMSG
Mover
IM Propulsion
Load
Figure 1-2: Standard power-system architecture with synchronous generator and in-
duction load.
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Most proposed or extant micro-grids use a constant voltage and frequency AC
grid, or a constant DC bus, for distributing power. This thesis proposes a hybrid
power-system architecture using doubly-fed machines for generation and for load
operation. Doubly-fed machines have been explored for generation applications in
windmills [3, 8, 9] and for variable speed drives [2, 10, 11, 12]. This thesis explores
the system-level advantages in power-electronics sizing that can be achieved in a hy-
brid power distribution system employing doubly-fed machines as both generators
and motors. A "systems approach" to designing the micro-grid permits dramatic
reduction of power electronics by taking advantage of doubly-fed machines, which,
unlike conventional schemes, allow power conversion on rotors. Also, doubly-fed ma-
chines allow generating resources and loads to operate at speeds tailored for the most
efficient performance of these resources.
The proposed power distribution architecture and control can be applied to a wide
variety of micro-grids, such as marine power and propulsion systems. On modern and
future ship power distribution systems, propulsion and other "hotel" loads are pow-
ered by the grid. The hybrid power system allows suitable connection of the ship
auxiliary and hotel loads to a constant-voltage/constant-frequency AC grid or to a
constant-voltage DC bus. The propulsion load is considered primarily as it is the most
dominant load in an islanded ship micro-grid, consuming as much as ninety percent
of the ship AC generator capability [13]. The use of doubly-fed machines with the
proposed hybrid architecture massively reduces the power-electronics rating and size
for the entire propulsion power conversion. This thesis looks at key aspects of the
power sizing of each AC/DC converter in the hybrid architecture, which can ensure
minimum power electronics and allow for a selection of an optimum prime-mover. Ad-
ditionally, the proposed architecture provides unique opportunities to provide reactive
power support to the micro-grid.
17
1.1 Hybrid Power-System Architecture
The proposed hybrid power-system architecture for the ship micro-grid achieves fuel
efficiency through load-dependent variable-speed operation of the prime-mover with-
out sacrificing constant AC-grid frequency or investing massively on power-electronic
converters. This architecture employs doubly-fed machines for generation and for
load operation. Unlike single-electrical-port machines, a doubly-fed machine (DFM)
(also known as wound-rotor induction machine) has two accessible electrical ports -
a stationary winding (stator) and a rotating winding (rotor) - that enhance flexi-
bility in power conversion. This flexibility has been explored extensively in limited-
speed-range applications, such as in wind power generation [14] and fly-wheel energy
storage [15, 16], where the stator of the DFM is directly connected to an AC source
while a power converter interfaces between the rotor and the AC source. The power-
electronics rating determines the extent to which the speed of the DFM can be varied
from the synchronous speed [17]. For instance, the power converter rating, in a stan-
dard wind power-generation system, is one-third of the power rating of the machine,
while the DFM operates on a speed range of 33% around the synchronous speed.
However, in many applications, a wide operating speed range, including zero speed
operation, is necessary. Typically, in these cases, the power electronics rating must
be equal to the motor rated power, which causes the conventional DFM drive to lose
its primary objective. Similarly, use of controlled double inverters on both stator and
rotor for full control of torque at all speeds leads back to massive power-electronics
requirement [18, 19].
DFMs can be operated in different configurations by using external switches to
achieve a broader range of speed without compromising reduced power electronics.
In these cases, the DFM is connected to a controlled back-to-back converter on one
of its electrical port, and connected to one or multiple sources on the other port,
depending on the speed of operation. This class of DFMs is denoted by "Switched-
DFM" since there is on-the-fly reconfiguration of the sources. For instance, the DFM
rotor is connected to an AC source through back-to-back converters for complete
18
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Figure 1-3: Switched-DFM drive architecture.
range of speed, while the DFM stator is shorted in low-speed mode to emulate a cage
induction machine and connected to an AC source in high-speed mode to emulate a
grid-connected doubly-fed induction machine [201. A similar drive configuration feeds
the DFM stator with a DC source excitation, instead of shorting, to emulate wound-
field synchronous machine in low-speed mode. The DC source behaves similar to an
exciter of a synchronous generator used in power-generation plants. Therefore, many
similar drive topologies have been proposed for hydro-electric power stations [21], ship
propulsion [221, and centrifugal loads [23]. In all of these cases, the rotor electronics
regulates the power to the shaft completely in low-speed mode. The stator provides
the bulk of the power to the shaft only in high-speed mode without any power-
conversion electronics at that port, while rotor electronics processes the differential
power. This availability of switching between the low-speed and high-speed modes
at a suitable transition allows for reduction in power electronics and a wide range of
speed operation.
The switched-DFM topologies in [20, 21, 221 have limited capability as the drive
operates in two isolated modes - starting and operational - to guarantee the shaft
speed does not go near the transition speed in normal conditions. There is no option
to reconfigure the sources' connection to the DFM stator on-the-fly seamlessly. The
19
DFM drive behaves sluggishly due to use of mechanical switches for mode transition.
Furthermore, the drive design only takes into account steady-state characteristics of
load torque vs speed. These characteristics make it completely unsuitable for use of
these switched-DFM drive topologies in isolated power systems, such as a ship micro-
grid, because the switched-DFM consumes a significant component of the power, and
a huge step in power demand by the switched-DFM stator and rotor between the two
modes is not taken into consideration as part of drive design.
References [2, 10, 11, 12] address all these challenges in switched-DFM drive de-
sign to ensure the drive is capable of functioning as a standard full-power-converter
drive but with reduced power electronics, seamless operation over the whole speed
range and reactive power support to the power grid. The drive architecture is shown
in Fig. 1-3. It considers all the design variables and their interplay to benefit com-
pletely from the available design space. In addition to considering the steady-state
load torque vs speed characteristics, it studies the transient characteristics of tran-
sitioning "bumplessly" over the entire speed range by exploring the flux changes at
the transition speed. A solid-state transfer switch allows reconfiguration of the DFM
stator terminals without adversely affecting the sources or disrupting the DFM opera-
tion. The control architecture in [11] demonstrates seamless interactions between the
AC grid and the switched-DFM drive and permits a controllable power-factor of the
switched-DFM to provide reactive power support to the AC grid, which is especially
vital in isolated micro-grids.
This thesis incorporates the switched-DFM drive in [2, 10, 11, 12] as a major load
on the proposed hybrid power-system architecture with drive's connection to both DC
and AC grids. The architecture, shown in Fig. 1-4, has another doubly-fed machine
for generation, which is also known as doubly-fed induction generator (DFIG). The
existence of two DFMs in the architecture itself reduces power-electronics requirement
by exposing the redundancy of placing a separate grid-interfacing power converter for
each DFM. Only a single front-end converter is sufficient to interface the DC Bus
with the AC grid, while providing a control knob on the power factor to deliver
reactive power support to the system. Additionally, the combination of three AC-DC
20
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architecture with doubly-fed machines both for
power converters in the architecture gives an exciting opportunity to minimize the
power electronics of the entire power system. This power sizing analysis is explored
in Chapter 2.
1.2 Thesis Organization
This thesis begins with a description of the prime-mover power-speed characteris-
tics and describes its influence on the power sizing of the converters in the proposed
hybrid power-system architecture. Chapter 2 describes the sizing of each power-
electronics converter in the proposed hybrid power-system architecture and describes
a procedure to minimize the system power electronics. The chapter finishes with a
selection methodology of an optimum prime-mover based on minimum system power-
electronics requirement. Chapter 3 addresses the control scheme for the rotor-side
converter of the doubly-fed induction generator. Chapter 4 presents the control ar-
chitecture for the front-end converter and addresses step changes in power demand
by the switched-DFM rotor and stator. The control scheme describes a DC voltage
21
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controller that considers the current drawn by the rotor-side and drive-end converters
and ensures minimum delay in DC-link voltage returning to steady-state. Chapter 5
reiterates the benefits of the hybrid power-system architecture and presents future
goals of realizing the hybrid architecture in a mega-watt scale. The appendices de-
scribe the experimental setup with its various schematic diagrams.
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Chapter 2
Power Sizing for the Hybrid Power
Architecture
The hybrid power-system architecture is shown in Fig. 2-1, in which the prime-mover
is coupled to a doubly-fed induction generator (DFIG). The stator of the DFIG gen-
erates the AC grid that is maintained at constant voltage and constant frequency
through the rotor-side converter irrespective of the operating speed of the prime
mover, similar to the DFIGs used in wind power generation [3, 8, 9]. The rotor-side
converter shares the DC bus with the front-end converter and the drive-end converter
of the switched-DFM drive enabling a hybrid power-system architecture for the ship
micro-grid with minimum power-electronics requirement - an architecture in which
the ship auxiliary and hotel loads can be connected either to the constant-voltage-
constant-frequency AC grid or to the constant-voltage DC bus suitably.
Power converter sizing for the proposed hybrid architecture is based on the linear
power-speed curve of the prime-mover as shown in Fig. 2-2(a). Allowing the prime-
mover to operate in load-dependent variable-speed mode enables improvement in the
fuel efficiency. Choosing the AC-grid frequency as the base, the normalized operating
speed range of the prime-mover, as shown in Table 2.1, is quantifiable by two param-
eters a and WH, where WH is the maximum speed and a is the ratio of the minimum
speed to maximum speed of the prime-mover. The selection of a and WH is a de-
sign choice, which is based on minimizing the sum of the power rating of the three
23
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Figure 2-1: Hybrid power-system architecture with doubly-fed machines both for
generation and for load purposes.
power converters, namely the rotor-side (RS) converter, front-end (FE) converter,
and drive-end (DE) converter, as shown in Fig. 2-1. For the minimized total power
electronics case, Fig. 2-2(a) illustrates the normalized power-speed curve that ranges
from no-load to full load with speed varying from 0.83 - 1.04 p.u. Prime-mover speed
of 1.04 p.u. means that the rated speed of the prime-mover is higher than the grid
frequency by a factor of 1.04. Prime-mover speed of 0.83 p.u. is derived using a value
of 0.8 for a. The values for a and WH are carefully evaluated to be 0.8 and 1.04.
This selection procedure of these values is explained in detail in Section 2.5. For now,
Table 2.1: Defined base quantities for normalization
Quantity Nomenclature Definition
Voltage VB AC-grid voltage magnitude (peak phase)
Frequency WB AC-grid frequency
Current IB Per-phase peak DFIG-stator current rating
Flux OB VB/WB
Power PB Prime-mover mechanical power
Impedance ZB VB/IB
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Figure 2-2: Prime-mover characteristics. (a) Power-speed curve normalized to grid
frequency. The speed is reduced to 80% of the rated speed at no load. (b) Torque-
speed curve derived using r = P.
the power sizing only uses this combination of values for a and WH. The following
sections illustrate the design process of selection of a and WH through sizing analysis
for each of the power converters. The analysis uses an ideal steady-state doubly-fed
machine model, which assumes zero leakage resistances and leakage inductances, and
negligible magnetizing current. For better understanding, the analysis, therefore, as-
sumes that the mechanical power demand by the switched-DFM is exactly equivalent
to the electrical power supplied by the DFIG, which is also equivalent to the power
supplied by the prime-mover. Losses can later be incorporated in the analysis to
design electronics with more accurate sizing.
2.1 Doubly-fed-machine model in stator-flux orien-
tation
A DFM is modeled in stator-flux reference frame using standard electrical machine
equations [24]. Following the convention for the two-axis representation of the analyt-
ical model, the stator flux can be oriented in the direction of the d-axis, and q-axis is
selected to lead the d-axis by 90 degrees. The DFM model is described in normalized
variables and parameters for ease of understanding the relative magnitudes of voltage,
current and power variables for the three converters. The dynamics of the stator flux
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magnitude is governed by:
I d~ps.
= Vsd - rstd. (2.1)
WB dt
The dynamics of the d-axis and q-axis rotor flux are governed by
1 d'l/rd
V -rd rrird (Ps Wr)/rq, 2.2)
WB dt
and
1 dI)rq
V = -sq rrirq (PsWr)?/rd. 2.3)
WB dt
The normalized stator-flux frequency w, is an algebraic function of the q-axis compo-
nent of the stator voltage, stator current, and the stator flux magnitude and is given
by
1 dO8 _ Vgq - riq (2.4)
WB dt V)
The electromagnetic torque is governed by:
T = Osirq. (2.5)
xs
The stator-flux magnitude is related to the d-axis components of both the stator and
the rotor currents and is given by
Os = Xs 8d + Xmird. (2.6)
However, by the choice of reference frame, the q-axis stator and rotor current com-
ponents are directly proportional to each other and are given by
0 = xsisq + Xmirq. (2.7)
The d-axis and q-axis components of stator and rotor currents influence the d-axis
and q-axis components of the rotor flux respectively as given by:
Ord = Xrird + Xmisd, (2.8)
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Xq = xrirq + Xmisq. (2.9)
A simplified mechanical model for the DFM is represented as:
J dGr B2PJ d + 2BQr = T - T, (2.10)
P dt P
where P corresponds to the number of poles in the DFM, J corresponds to the com-
bined inertia at the mechanical shaft, and B corresponds to the viscous frictional co-
efficient at the shaft. For example, the load torque can be represented in normalized-
form as
-F, = kW ,(2.11)
for a quadratic load torque-speed characteristic of a ship propeller, where k is the
constant of proportionality [25].
Eliminating the time-derivative terms in (2.1)-(2.4), leads to the following relations
for the d-axis and q-axis stator and rotor voltages:
Vsd rissd, (2.12)
Vsq = w08 s + rsisq, (2.13)
Vrd = Trird - (Ps - Wr)?/rq, (2.14)
Vrq = rrlrq + (Ps - Wr)/rd. (2.15)
These four equations (2.12)-(2.15) represent the DFM behavior in steady-state oper-
ating conditions and are used to design the power electronics of the proposed archi-
tecture.
2.2 Sizing of the rotor-side converter
The power-electronics requirement of the rotor-side converter is evaluated on the basis
of an ideal DFM model. The analysis employs a linear power-speed characteristics
of the prime-mover, and obtains the steady-state torque-speed relation of the prime-
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mover, as shown in Fig. 2-2(b), using the relation given by
P
TPM - pm, (2.16)
pmwpm
The maximum torque capability needed by the doubly-fed generator is 0.96 p.u.,
which is primarily dependent on the maximum speed of operation of the prime-mover.
The normalized rotor-current magnitude of the rotor-side converter is equal to the
normalized torque, as the normalized stator flux in the DFIG is unity. Therefore, the
rated current of the RS converter is obtained at the maximum operating speed of the
prime-mover and is given by
IRS 1 (2.17)
WH
The required voltage for the RS converter is dependent on the relative operating
speed range of the prime-mover while the AC grid is maintained at unity voltage
and frequency. The voltage required on the rotor is shown in Fig. 2-3(a). As the
prime-mover speed is controlled to be away from the synchronous speed, the voltage
required on the rotor increases, which makes intuitive sense. The RS converter voltage
profile is asymmetric because of the choice of the lowest and highest speeds of the
prime-mover. If the highest prime-mover speed is selected to be higher and a is kept
constant, the RS converter voltage needed in the super-synchronous mode increases,
while the required voltage in the sub-synchronous mode decreases. The required
voltage rating of the RS converter is proportional to the maximum slip-speed as
given by the following relation:
VRs = max [s1-wr s) = max [1 - wHI, 1 -WH. (2.18)
Using equation (2.18), the voltage rating of the RS converter can be evaluated to
be 0.17 p.u., which indicates that the maximum DFIG-rotor voltage required is only
17% of the AC-grid voltage. The power rating of the RS converter can be evaluated
28
(b) (a)
0.05 1 0.2
0.04 - Rotor Power 
-- RSCurrent ,
0.03 0.8 - RS Voltage ' 0.15 R
0.02
0.01 -0.6 0.1 0D
&. 0 -W0 75/W 0.05>
-0.01 .0.4 0.05
M -0.02 0 /.
0-0.03 0.2 .0 0
m -0.04
-0.05 0 -0.05
0.85 0.9 0.95 1 0.85 0.9 0.95 1
Prime-mover speed (p.u.) Prime-mover speed (p.u.)
Figure 2-3: (a) DFIG-rotor power-electronics voltage rating of 0.17 p.u. and current
rating of 0.96 p.u. enables prime-mover speed to be varied from 0.83 - 1.04 p.u. for
load variations. (b) DFIG rotor-side converter has to be rated for only 3.73% of the
total power handled by the DFIG.
by finding the product of the RS voltage and current ratings as shown below:
1
PRS VRSIRS = ma [1 - oWHI , 11 - WHI - (2.19)
WH
Therefore, Fig. 2.18(a) and (b) demonstrate that the rotor-side converter has to be
rated for 0.17 p.u. voltage, 0.96 p.u. current, and 0.037 p.u. power to enable load-
dependent speed variation of the prime-mover. The power-electronics analysis of the
drive-end and the front-end converters requires an understanding of the switched-
doubly-fed-machine model, which is explained in detail in Section 2.3.
2.3 Ideal switched-doubly-fed-machine model and siz-
ing of the drive-end converter
This section uses the ideal doubly-fed-machine model to review the steady-state be-
havior of the switched-doubly-fed machine to demonstrate the benefit of the switched-
DFM for wide speed range applications [2, 10, 11, 12]. Switched-DFM theory is ex-
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plained in detail in [2]. This section only presents a summary of the relevant portions
from [2] and later builds upon it to present switched-DFM's usefulness in the proposed
hybrid power-system architecture to achieve minimum power-electronics requirement.
The drive torque requirement, in this case for a ship propulsion application, directly
not only impacts the transition speed between the low-speed and high-speed modes
but also affects the maximum drive speed achieved by the rotor.
The ideal switched-DFM model assumes zero resistance, leakages and negligible
magnetizing current. The normalized switched-DFM-rotor-current rating (referred
to switched-DFM stator) is equivalent to the switched-DFM-stator-current rating
of unity. The required voltage for the switched-DFM rotor is dependent on the
normalized slip-speed (difference between the normalized AC-grid frequency and the
normalized switched-DFM-rotor speed). This voltage relation is evaluated using (2.8)-
(2.9), (2.14) and (2.15) and is given by
Vr = Vd + Vq I= |s - Wri )s. (2.20)
Equation (2.20) needs to be evaluated separately in steady-state for both low-speed
and high-speed modes of the switched-DFM. In high-speed, the doubly-fed machine is
connected to the AC grid, which makes the normalized stator-flux frequency equal to
the normalized AC-grid frequency of unity. The switched-DFM-stator-flux magnitude
is dependent on the ratio of the AC-grid voltage and frequency. As AC-grid voltage
and frequency are both unity in normalized form, the switched-DFM-stator-flux fre-
quency is unity when normalized. Therefore, the voltage rating of the switched-DFM
rotor electronics is given by
Vrjhigh -- 1 - Wrl. (2.21)
To maximally utilize the doubly-fed machine, the current rating of the power elec-
tronics for the switched-DFM is selected to be unity. The current rating of unity and
stator flux of unity guarantee that the switched-DFM drive can reach the machine's
rated torque capability in high-speed mode. However, in low-speed mode, the drive's
torque requirement is a design choice and can either be equal or lower than the rated
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Figure 2-4: Ideal DFM: Rotor power-electronics voltage rating of 0.5 p.u. (instead of
1 p.u. as required in standard full-power converter drives) enables operating speed
range from 0 to 1.5 p.u. (OAEB) with rated drive torque capability when the rotor
speed is normalized to the AC-grid synchronous speed. For a lower (75%) drive torque
requirement in low-speed mode, the required rotor power-electronics voltage rating
can be further reduced to 0.43 p.u. enabling an operating speed range of 0-1.43 p.u.
(OCED). [2].
torque of the machine. The switched-DFM-stator-flux magnitude is dependent on
the selection of the drive's torque requirement, as stated by (2.5). For instance, if
the switched-DFM-stator-flux magnitude is unity, the torque capability of the drive is
also unity in low-speed mode. In low-speed mode, the switched-doubly-fed machine
is either shorted or connected to a DC source, which makes the normalized stator
frequency equal to zero regardless of the drive topology. Therefore, the maximum
voltage required by the switched-DFM rotor in low-speed mode is given by
VrIlow = |Wr IsIlow. (2.22)
The required voltage by the switched-DFM rotor as a function of rotor speed is
shown in Fig. 2-4. The figure demonstrates how the drive-torque requirement in low-
speed impacts the maximum rotor voltage needed. If a unity drive torque is required
in low-speed mode, the switched-DFM-rotor-voltage profile is represented by line
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Figure 2-5: Ideal switched-DFM: Rotor-electronics power rating of 0.5 p.u. enables
operation of the electromechanical drive to provide a maximum shaft power of 1.5
p.u. while operating over a speed range from 0 to 1.5 p.u. [2].
segment OA. Consequently, point A represents the transition speed from low speed to
high speed. This selection point ensures the drive can operate on a rotor-speed range
from zero to 1.5 p.u. (OAEB), while the maximum voltage demanded by the rotor is
0.5 p.u. If a lower drive torque is required in low-speed mode, for instance 75% of that
in high-speed mode, then the stator-flux magnitude can be reduced to 0.75 p.u. in
accordance with (2.5). Unity current is maintained in low-speed mode in this case as
well. The lower stator-flux magnitude directly impacts the rotor-voltage requirement
in low-speed mode, which is shown graphically in Fig. 2-4 by the line segment OC. In
this case, C represents the transition point from low-speed to high-speed mode and
this point ensures that the drive has the capacity to operate on a rotor-speed range
from zero to 1.43 p.u. (OCED), while the maximum switched-DFM-rotor voltage is
0.43 p.u. Therefore, the transition speed which minimizes the maximum rotor voltage
demanded by the switched-DFM has to be evaluated by equating the two relations
given in (2.21) and (2.22) at the transition rotor speed WT, and is given by
VPE = IWr '~/a 1ow 1 - Wr - (2.23)
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Figure 2-6: Ideal switched-DFM: Rotor-electronics power rating of 0.33 p.u. enables
operation of the electromechanical drive to provide a maximum shaft power of 1.0
p.u. while operating over a speed range from 0 to 1.5 p.u. [2].
For unity drive torque capability across the complete speed range of the switched-
DFM rotor, the shaft power for the switched-DFM is proportional to the rotor speed,
which is depicted in Fig. 2-5. The maximum shaft power is attained at the rotor speed
of 1.5 p.u. Although the electrical power demanded by the switched-DFM rotor is
dependent on the product of the rotor voltage and rotor current, in this case rotor-
voltage function dominates the rotor-power function as the rotor current is maintained
at unity. This electrical-power demand by the switched-DFM rotor is also shown in
Fig. 2-5. The electrical-power demand by the switched-DFM stator is zero in low-
speed mode for an ideal machine. In high-speed mode, the electrical-power demand
by the switched-DFM stator is dependent on the product of AC-grid voltage and
switched-DFM-stator current, both of which are unity. Hence, the switched-DFM-
stator electrical-power is zero in low-speed mode and unity in high-speed mode as
shown in Fig. 2-5. Moreover, the switched-DFM maximum electrical-power demand
by the rotor is only one-third of the rated mechanical power for shaft-speed variation
from 0 to 1.5 p.u.
The drive-end power-converter sizing is governed by the switched-DFM drive. On-
the-fly reconfiguration of the switched-DFM allows the rotor electronics to process
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Figure 2-7: (a) Switched-DFM stator and rotor power distribution with respect to
propulsion load. Stator power of the switched-DFM is equal to twice its peak rotor
power. (b) DE converter has to be rated for 30% of the total power processed by the
switched-DFM. (c) DE converter with voltage rating of 0.5 p.u. enables full speed
range of the propeller.
only half of the power demanded by its stator. Therefore, if the both the stator
and rotor electrical power of the switched-DFM are normalized by the maximum
mechanical power supplied by the prime-mover, the DE converter processes only 33%
of the prime-mover power. The re-normalized power distribution between the stator
and the rotor of the switched-DFM drive is shown in Fig. 2-6. DE converter sizing
is independent of a and WH as the rotational speeds of the prime-mover and the
propulsion load are completely decoupled using the hybrid architecture. The DE
converter has to be rated for 0.33 p.u. power, 0.5 p.u. voltage, and 0.67 p.u. current.
2.4 Sizing of the front-end converter
The power sizing of the third converter in the hybrid architecture, namely the front-
end converter, is evaluated on the basis of power flow between the AC grid and the
DC bus of the hybrid architecture. The FE converter not only maintains the DC
bus voltage but also provides reactive power support to the AC grid. As the AC
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Figure 2-8: (a) FE converter has to be rated for only 36.7% of the total power handled
by the switched-DFM. (b) FE converter needs to handle the grid voltage. Current
rating of 0.37 p.u. is sufficient to enable full propeller-speed variation.
side of the converter is connected to the constant-voltage AC grid, the converter
requires a voltage rating of 1 p.u. The current flow through the front-end converter
is calculated by taking the algebraic sum of the AC-grid current and the switched-
DFM-stator current. Alternatively, the current flow through the front-end converter
is the difference between the current supplied by the DFIG rotor and the current
drawn by the switched-DFM rotor, and is given by
iFE = iRS - iDE- (2.24)
Similarly, the power flow through the front-end converter is determined by sub-
tracting the power flow into the switched-DFM rotor from the power flow out of the
DFIG rotor. Alternatively, the power flow through the FE converter is the product of
the AC-grid voltage and the current flow through the FE converter. The power pro-
cessing capacity of the FE converter is, therefore, directly proportional to the current
rating of the FE converter electronics because the voltage rating has to be unity. The
power-electronics requirement of the FE converter is dependent on a and WH, and is
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governed by
_ WH '3 L'H WHPFE =max[ 1-  1 lWT 11H (2.25)
where WT is the prime-mover speed at which the switched-DFM transitions between
its two modes. To illustrate the sizing of the FE converter for the minimized total
power-electronics case, voltage, current, and power flow through the converter are
plotted in Fig. 2-8. Power-electronics requirement of 37% is sufficient for the FE
converter to achieve efficiency gain from the load-dependent variable-speed operation
of the prime-mover.
2.5 Minimizing total power electronics of rotor-side,
front-end and drive-end converters and selection
of prime-mover
The previous section demonstrates the power-sizing analysis for the optimum values
of a and WH. In this section, we minimize the total power-electronics requirement of
the three converters to find these optimum values of the parameters as follows:
I - OZWH I -- WT I--WH
PT = minm ax ,
WH 3 H WH
S3 +-max [I -OZHi,1 H3 w
Optimization of a and WH allows selection of the most feasible prime-mover for
the chosen DFIG. To illustrate this graphically, a is fixed at 0.8, and WH is varied
from 0.7 - 1.5 p.u. For each value of wH, the power rating for each converter as well as
their sum is plotted in Fig. 2-9(a). The total power rating of the hybrid architecture
is minimum for maximum prime-mover speed of 1.04 p.u. Deviation of WH from this
optimum value increases the total power electronics requirements. The minimum
total power electronics for the chosen parameters is derived to be 37% compared to
an MVDC system, where all of the power has to be processed through the stators
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Figure 2-9: (a) Power-electronics requirement of each converter. RS, FE, and DE
converters have to be rated for 0.037 p.u., 0.33 p.u., and 0.37 p.u., respectively, for
a equal to 0.8. Minimum power electronics (37% compared to conventional setup) is
needed for WH = 1.04 p.u. (b) Total power processing by the three converters with
respect to WH and a for a prime-mover.
of the generation and the propulsion machines. Similarly, a impacts the total power
processing as well. The result is plotted in Fig. 2-9(b), which demonstrates how
varying the highest speed of the prime-mover and the ratio of the lowest speed to
its highest speed can impact the total power electronics in the hybrid power system
architecture. The 3-D figure can be employed to select the most feasible prime-mover
from the available choices to ensure that the power needed to be processed by the
three converters is minimized. The reduced power electronics of the total architecture
further reduces the fuel consumption on a ship, as the power generation and load
propulsion are attained much more efficiently compared to the conventional power
train.
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Chapter 3
Rotor-Side Converter Control
Architecture
The primary objective of the rotor-side converter is to maintain a constant-voltage-
constant-frequency AC grid irrespective of variations in the prime-mover speed. Ad-
ditionally, rotor-side converter processes the bidirectional power flow despite variable
prime-mover speed, as DFIG rotor consumes power in sub-synchronous speed of op-
eration and generates power in super-synchronous speed of operation. The complete
control scheme for the rotor-side converter is shown in Fig. 3-1.An indirect stator-flux
orientation is used for control of a standalone doubly-fed induction generator [3, 8].
This orientation scheme commands a stator-flux angle instead of deriving it from
measurement of AC-grid voltage (same as DFIG-stator voltage) to shield the angle
from noise and the AC-grid voltage from any such harmonic contamination. This
commanded stator-flux angle is also used by the front-end converter to derive the
voltage-vector orientation for vector control of the front-end converter. The stator-
flux magnitude is set through the DFIG-rotor-current excitation for the standalone
hybrid power system unlike grid-connected power systems, where the stator flux is
established by the AC-grid voltage.
The machine equations under stator-flux orientation in synchronously-rotating d-
q reference frame are given in (3.1)-(3.12). These equations also indicate the actual
machine quantities in terms of DFIG-stator magnetizing current, which is the primary
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Figure 3-1: Control architecture of the DFIG rotor-side converter [3] using the esti-
mated internal machine variables and terminal measurements to command the rotor-
side converter based on the constant-voltage-constant frequency set point.
commanded reference variable in the field-oriented control architecture to maintain
the constant-voltage AC grid, and the DFIG-rotor d-q excitation currents, which are
the regulated variables.
As = Asd = LsIsd + L-oIrd = Lolms (3.1)
0 = Asq = LsIsq + LoIrq (3.2)
Ld2
Ard = LrIrd + LoIsd = = Ims + o-ILrIrd (3.3)
Ls
Arq = LRIrq + LoI = o-LRIq (3.4)
Vsa = RsIsd + -ws 8 sq = RsIsd + d" (3.5)dt dt
dt
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Table 3.1: Parameters of a 2 HP, 230 V/ 120 V, 60 Hz, 6 Pole,
are used to design the hybrid-power system architecture.
Vr d= RrIr + dArd (ws - we)Arq =
dtr
Vr q= RrIrq + dt + (ws - We)Ard =
1200 rpm DFIG, which
dlrd
RrIrd + o-Lr dt - (w_ - we) JLrIrq
d
Rrlrq + o-LAdlrq + (ws - we)(LmIms +
dO8Ws 
- dt
Lm =
(3.7)
-LrIrd)
(3.8)
(3.9)
(3.10)
L 2
LsLr
Te -3 LmImsIrq2
(3.11)
(3.12)
The machine parameters are estimated using no-load and blocked-rotor tests and,
are given in Table 3.1. The reference frame is selected to coincide with the DFIG-
stator flux vector. Equation (3.4) is used to force this alignment condition by setting
the DFIG q-axis rotor-current reference as given by
L
Ir =-qs. (3.13)
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Parameter Actual Value Normalized (p.u.)
Stator resistance 0.9Q 0.06237
Rotor resistance (ref. to stator) 1.664Q 0.1153
Stator leakage inductance 5.512mH 0.1440
Rotor leakage inductance (ref. to stator) 5.512rnH 0.1440
Mutual inductance (ref. to stator) 50.97mH 1.332
Stator current rating 9.2A (peak) 1
Rotor current rating (ref. to stator) 8.4A (peak) 0.9130
Turns ratio (stator to rotor) 1.933 -
I' K .K1  +rdlrd 1 + Iins
s n Lss+Rs
Figure 3-2: Block diagram for the design of DFIG-magnetizing current controller: Kp
and Ki are chosen based on the first order plant model.
3.1 DFIG-magnetizing current controller design
The DFIG d-axis rotor-excitation-current reference, I,*, is commanded using the
DFIG-stator magnetizing current PI outer-loop controller. Using (3.1)-(3.4) to elim-
inate the DFIG-stator d-q currents, Iad and Isq, in (3.5) and (3.6), the DFIG-stator
magnetizing current is related to the DFIG-rotor d-q currents as given by
Le dIn __+_o
8  + Ims = Vr + 8, (3.14)Rs dt Rs
and
ImsWs = 'rq + R Vsq. (3.15)Rs Rs
Using equation (3.14), the DFIG-stator magnetizing current can be used to control
the DFIG-rotor d-axis current, as the influence of voltage Vd is small. Equation
(3.15) can also provide a way to force the orientation frame onto the DFIG-stator-
flux vector. However, this method requires finding the difference between two large
quantities, which is prone to more noise. Furthermore, (3.13) is a superior method to
force the orientation frame as it allows stator flux to be commanded from integration
of a software variable rather than from the measurement of AC-grid voltage, which can
introduce stator voltage harmonics in the stator-flux angle in a standalone generation
system. The DFIG-stator magnetizing current control loop is shown in Fig. 3-2 [8],
which is used to design the PI controller. This control loop requires calculation
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of DFIG-stator-flux magnitude based on the measured AC-grid line-line voltages.
The measured grid voltages need to be low-pass filtered to eliminate high-frequency
harmonics in the control signals. The stator-flux magnitude has to be derived by
A 8 = A _ Ai. (3.16)
Equation (3.16) shows that the a-/3 components of the DFIG-stator-flux vector in
stationary reference frame have to be evaluated separately on the basis of the a-0
components of the DFIG-stator voltages with resistive compensation as follows:
A J1a = (V - R8 I8 a)dt, (3.17)
J (vs - R8Iso)dt. (3.18)
Stator-flux magnitude calculation using (3.17) and (3.18) demands there is no DC
offset in each of the voltage signals. Hence, a filter combination is designed that filters
out the DC component from the AC-grid voltage a-3 components but behaves as an
integrator around the AC-grid voltage fundamental frequency. The DFIG-stator-flux
magnitude is used in (3.1) to find the DFIG-stator magnetizing current. The derived
magnetizing current is compared with the reference magnetizing current to calculate
the error signal, which is fed into the PI controller to find the d-axis rotor current
command as shown in Fig. 3-2. The DFIG-stator magnetizing current PI controller is
designed to achieve a fast closed-loop response. The DFIG-stator magnetizing current
control loop assumes Ird closely follows the reference DFIG-rotor d-axis current ',*d.
3.2 D-axis and Q-axis DFIG-rotor currents controller
design
The DFIG-rotor d-q currents have coupled control loops and are regulated using
DFIG-rotor d-q voltages. Equations (3.7) and (3.8) are linear differential equations
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Figure 3-3: Block diagram for the design of d-axis DFIG-rotor current controller: Kp
and Ki are chosen based on the first order plant model.
with coupled voltage compensation terms. In order to use classical linear control
theory to design the PI control loops using (3.7) and (3.8), it is needed to isolate the
linear terms from the voltage compensation terms. The voltage compensation terms
are fed in as feedforward terms in the controller output to bias the system around
operating rotor voltages. The rotor-voltage equations (3.7) and (3.8) are rearranged
to give
dlrd
Vrd = RrIrd + -Lr , (3.19)
dt
and
lr /q =RrIrq+ Lr dlrq(.0d IV,, RIq +o-Lj ,(3.20 )
where the reference rotor voltages are given by
V V,' - (w - we)o-Lrrq, (3.21)
and
Vq =Vr' + (W8r - we)(Lmlms + o-LIrd). (3.22)
The control loops for both d and q axes are shown in Fig. 3-3 and 3-4. Equations
(3.19) and (3.20) are used to design the PI controller gains Kp and Ki. The actual
DFIG-rotor d-q currents are compared with the reference rotor d-q currents and the
error signals are processed by the PI controller to give the rotor voltage commands.
However, the feedforward voltage terms are added in these voltage commands to find
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Figure 3-4: Block diagram for the design of q-axis DFIG-rotor current controller: Kp
and Ki are chosen based on the first order plant model.
the voltage references for good tracking by the complete controller. The PI controllers
for rotor current regulation are at least 10 times faster so that the dynamics of these
control loops do not come into effect in the outer-loop magnetizing-current control
dynamics.
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Chapter 4
Front-End Converter Control
Architecture
The primary objective of the front-end converter is to regulate the DC-link voltage in
the hybrid power system architecture irrespective of the power flow magnitude and
direction. The front-end converter also has the capacity to provide reactive power
support to the AC grid by providing a control knob on the displacement power factor
between the voltage and current fed into the front-end converter. The constraints
on the front-end converter in the hybrid architecture are more stringent compared to
those on a standard supply-side converter in DFIG generator systems [3, 8] as the
front-end converter is coupled to both the rotor-side and the drive-end converters.
The front-end converter needs to seamlessly interact with the AC grid and consider
any step changes in power demand by the switched-DFM to ensure a stable micro-
grid. Similarly, the DC link needs to cater to step changes in power demand by the
switched-DFM rotor. These constraints have to be considered to ensure the AC grid
and the DC link in the hybrid architecture are stable and regulated with minimal
variation.
In relevant micro-grids with the proposed hybrid architecture, for example a ship
micro-grid, where the switched-DFM powers up a propulsion load that forms a major
portion of the load with consumption of 90% of the power generated by the ship AC
grid, the AC grid is not a stiff AC source with abundant active power reserve to easily
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Figure 4-1: Sharing of the active power from the AC source is identical to the sharing
of the shaft power by an ideal switched-DFM drive provided there is no energy storage
in the back-to-back converter at the instances of mode transitions.
cater to the step changes in power demand by the switched-DFM rotor and stator not
only in the low-speed and high-speed modes but also at the mode transition between
the low-speed modes and high-speed modes. This step change in power demand by
the switched-DFM stator and rotor at mode transition is illustrated in Fig. 4-1. For
a rated torque of 1 p.u. in low-speed mode, the active power flow into the switched-
DFM stator is zero and the mechanical power is supplied completely through the
switched-DFM rotor. At the speed of transition from low-speed mode to high-speed
mode, the active power flow into the stator jumps from zero to unity in normalized
form. Instantaneously, the drive-end power converter has to withdraw power from the
switched-DFM rotor in order to ensure no bump in mechanical power at the shaft.
This withdrawn power from the switched-DFM rotor has to be transferred to the
AC grid without AC grid experiencing a large variation in its voltage. Similarly, the
braking of the shaft produces an opposite change in power flow in the switched-DFM
stator and rotor for a torque of -1 p.u., as shown in Fig. 4-1. Therefore, the front-end
converter has to consider the sudden change in direction of power flow from the AC
grid.
Similarly, the DC link in the hybrid architecture also needs to be stable during
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the high-speed and low-speed modes and between the mode transition. As Fig. 4-1
demonstrates the power flow into the switched-DFM rotor flips polarity at the mode
transition, the active power flow in the DC link needs to be changed instantaneously
as well to eliminate any large swings in the DC voltage of the link. Therefore, the
front-end converter has to ensure bidirectional power flow to ensure a stable DC link.
Furthermore, the front-end converter needs to consider the power flow in the rotor-
side converter as well. A step changes in power demand by the switched-DFM can
cause the power flow in the rotor-side converter to reverse polarity as well due to the
variable speed operation of the prime-mover. For instance, in case of a ship micro-
grid, the propeller going completely above water suddenly can result in a reduced load
on the switched-DFM. This instantaneous reduction in power demand can cause the
prime-mover shaft to go from super-synchronous speed to sub-synchronous mode of
operation, which results in reversing of power flow direction into the DFIG rotor. The
front-end converter needs to account for the power flow in the rotor-side converter as
well in its own control algorithm to ensure minimal swinging in the DC-link voltage.
Hence, a coordinated control architecture of the front-end converter is presented that
achieves a stable operation of the hybrid power system architecture in an isolated
microgrid.
The front-end converter uses a vector-control scheme in which the reference frame
is oriented along the AC-grid (or DFIG-stator) voltage-vector position. This reference
frame decouples the active and reactive power drawn from the AC grid by the front-
end converter. The DC-link voltage is regulated through the d-axis current, while
the reactive power support to the grid is provided through regulation of the q-axis
current. Fig. 4-2 shows the schematic of the front-end converter, which shows the
converter is interfaced to the AC grid through a filter and a front-end transformer.
The filter and the transformer are modeled as a lumped series network with resistance
Rf and inductance Lf for control design. The front-end-converter network equations
that govern the power flow between the AC grid and the DC link are given by
Vgrid Lf dIfd + Rflfd - wgLflfq + Vfd, (4.1)dt
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0 = Lf 'fd + RfIfd + wgLfIfq + Vfq,dt (4.2)
where Vgrid is the AC-grid voltage magnitude (peak per-phase), W, is the AC-grid
frequency, (Vfd, Vfq) are the d-axis and q-axis voltages, respectively, that are com-
manded by the front-end converter, and (If d, If q) are the d-axis and q-axis currents,
respectively, fed to the front-end converter from the AC grid. In grid-connected ap-
plications, the required reference frame angle 6, for the d-q transformation of the
measured grid phase voltages (Va, Vgb, and Vgc) and the currents (Iaj, Ibiand Ici) can
be obtained from the measurement of the grid voltages because the grid is free from
harmonics. In an isolated hybrid power system, absence of any low-impedance volt-
age source causes the AC grid to contain PWM harmonics and calculation of voltage
angle from such a grid causes these harmonics to amplify to an unacceptable degree
even with the filter [3]. Luckily, the grid-voltage-vector angle can be derived from
the commanded DFIG-stator-flux angle 6, by the rotor-side converter. The rotor-side
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DC-Link Ibrake
Rbrake
DE-
converter communicates this angle to the front-end converter, which can be used to
find the grid-voltage angle as follows:
0  F + (4.3)
The error in the grid-voltage angle due to DFIG stator impedance is negligible.
4.1 D-axis and Q-axis front-end converter current
controller design
The vector-control scheme regulates the front-end converter d-axis and q-axis currents
through the d-axis and q-axis voltages. Equations (4.4) and (4.5) can be used to derive
the commanded voltage signals. The classical linear control theory requires separation
of the coupled voltage-compensation terms from the linear differential components in
the equations. These coupled voltage compensation terms are fed in as feedforward
terms later to bias the system at an operating point. Therefore, from (4.4) and (4.5),
we can get the following d-axis and q-axis voltage reference signals for the front-end
converter:
V*d = -d + (WgLfIfq + Vgrid), (4.4)
Vq V)q + (wg Lf Ifd), (4.5)
where the transfer functions between the d-q currents (Ifd,Ifq) and the linear differ-
ential component of the d-q voltages (Vd, VXq) are given by
F(s)- = =Ifd -fq .(1V/d V/ Ls + R (46)
The d-q current control loops are shown in Fig. 4-3 and 4-4. Equation (4.6) is
used to design the PI controller gains Kp and Ki. The actual front-end converter
d-q currents are compared with the reference front-end converter d-q currents and
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Figure 4-3: Block diagram for the design of front-end d-axis current controller: Kp
and Ki are chosen based on the first order model of the filter and transformer.
Ifq Vf = Vfq Ifq
Figure 4-4: Block diagram for the design of q-axis front-end current controller: Kp
and Ki are chosen based on the first order model of the filter and transformer.
the error signals are processed by the PI controller to give the front-end converter
voltage commands. However, the feedforward voltage terms are added in these voltage
commands to find the voltage references for good tracking by the complete controller.
The PI controllers for front-end current regulation are at least 10 times faster than
the outer-loop controller so that the dynamics of these control loops do not come into
effect in the outer-loop DC-link voltage control dynamics.
4.2 DC-link voltage controller design
The DC-link voltage (Vc) is commanded on the basis of net charging current to the
DC-link capacitor Cdc. The net charging current is the algebraic sum of the current
drawn from the front-end converter Idc-FE, the current delivered to the rotor-side
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converter Idc-RS, the current delivered to the drive end converter Idc-DE, and the
current in the braking resistor brake as shown in Fig. 4-2. The node equation at the
DC link is given by
Cd dVd - Idc-FE - 'dc-RS - 'dc-DE - 'brake, (4.7)dt
Assuming Ifd follows Id with fast control performance, the DC-link voltage con-
troller is designed using (4.7) by setting the nonlinear terms as the feedforward terms
in the control loop. The feedforward terms are the currents drawn from the DC
link by the rotor-side and drive-end converters and the current drawn by the braking
resistor. Although these currents can be treated as disturbances to the system as
proposed in [8], these terms are added as feedforward terms in controller output to
achieve a fact DC-link voltage controller. These terms reduce the delay in DC voltage
returning to steady-state in case of perturbations caused by step changes in power
demand by the switched-DFM drive. Similar control strategies have been reported in
literature for generic AC/DC converter control [26, 27, 28]. The feedforward terms
can be calculated by defining the power consumption by the DFIG rotor and the
switched-DFM rotor, which is done in Section 4.2.1.
4.2.1 Feedforward Terms
Ignoring the ripple currents at the switching frequency, the power drawn by the DFIG
rotor (DFIG-R) from the DC link is given by
PDFIG-R = ?7RSVdc~dc-RS for PDFIG-R > 0
and PDFIG-R Vdcdc-RS for PDFIG-R < 0. 8
7iRS
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Similarly, the power drawn by the switched-DFM rotor (sDFM-R) from the DC link
is given by
PsDFM-R =9DEVdIdc-DE
and PsDFM-R dcIdc-DE,
TIDE
for PsDFM-R > 0
for PsDFM-R <0
The current through the braking resistor connected across the DC link is given by
(4.10)Ibrake = Sbrake Vde
Rbreak
where Sbrake is the switching function of the braking resistor. Substituting the currents
in (4.8), (4.9) and (4.10) into the DC-link voltage relation in (4.7) gives
'dc-FE = dVdc PDFIG-R +dt TIRSVdc
PSDFM-R H-Sb ke Vdc
?7DEVd Rbreak
for PDFIG-R, PsDFM-R > 0,
Idc-FE Cdc dVdcdt
dVdc
Idc-FE Cdc dtdt
dVdc
Idc-FE =dc dtdt
TIRSPDFIG-R
Vdc
TRSPDFIG-R
VdC
TIDEPsDFM-R - Sbrake Vdc
Vd o Rbreak
for PDFIG-R, PsDFM-R < 0,
+ PsDFM-R
TIDE Vdc
Vdc
H Sbrake
Rbreak
for PDFIG-R < OPSDFM-R > 0,
PDFIG-R +iDE sDFM-R VdcH- V H- V H SbrakeTIRS~e VdeRbreak
for PDFIG-R > OPSDFM-R < 0.
(4.11)
Therefore, the feedforward terms are calculated on the basis of the DFIG-rotor and
switched-DFM-rotor active powers communicated from the rotor-side converter and
drive-end converters respectively.
4.2.2 PI controller design for DC-link voltage regulation
The PI controller design is based on the linear differential portion of (4.7). The
transfer function between the DC current fed into the DC link by the front-end
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(4.9)
*VdC + + 'dc-FE = dc-FEVC
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Figure 4-5: Block diagram for the design of DC-link voltage controller: Kp and Ki
are chosen based on the first order model of the DC-link capacitor.
converter Idc-FE and DC-link voltage command is given by
G(s) - Vd - (4.12)
Idc-FE CdcS
The relationship between the output of the DC-link voltage controller 'dc-FE and
the d-axis front-end converter current ';d is derived by considering the active power
balance across the front-end converter and is given by
3
Vcladc-FE 2TIFEVridI;d (4.I13)-E
3 1 (.3
and VdcIdc-FE - grid~d for dC-FE <02 77FE
The negative sign appears due to the assumed direction of the front-end converter
current.
The DC-link voltage control loop is shown in Fig. 4-5. Equation (4.12) is used to
design the PI controller gains K, and Ki. The actual DC-link voltage is compared with
the reference DC-link voltage and the error signal is processed by the PI controller to
give the front-end converter DC current reference. This reference front-end current
'fd is derived from the front-end converter DC current command in accordance with
(4.13). The feedforward terms are added in this current command, as shown in (4.11),
to attain good reference tracking by the DC-link voltage controller. The complete
front-end control architecture is shown in Fig. 4-6. For simplicity, the conditional
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gains and feedforward terms that depend on the direction of the power flow are not
explicitly shown in the control architecture in the figure.
4.3 Braking
In micro-grid applications, where the switched-DFM load consumes a major compo-
nent of the power generated by the DFIG, such as a propulsion load in a ship, full
regenerative braking by the front-end converter can destabilize the AC grid. Partial
regeneration to the AC grid is prudent to recover some of the power during load brak-
ing without grid frequency varying outside the set limits, while the rest of the power
is passively dissipated in a resistive load that is primarily selected and appropriately
sized for braking.
The braking resistors can be turned on or off by comparing the measured DC-link
voltage with the maximum allowable DC-link voltage. But, this practice can lead to
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unnecessary turn-on of the braking resistor in mode transition of the switched-DFM.
Therefore, the braking resistors are turned on/off on the basis of the total active
power demand by the switched-DFM as this method is able to differentiate between
the mode transition and braking operation [11]. The switching function of the braking
resistor is given by
Sbrake 1 for PsDFM-R + PsDFM-S < PL (4.14)
and Sbrake 0 for PsDFM-R + PsDFM-S > PH,
where PL and PH are the negative active power bounds for a hysteresis comparator.
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
This thesis presents a novel hybrid power-system architecture with doubly-fed ma-
chines for generation and for load operation. Being a hybrid power-system between
AC and MVDC systems presents an opportunity to power up propulsion and other
auxiliary loads. For instance, in a ship micro-grid, the presence of AC and DC grids
allows convenient connection of the switched-DFM to a constant-voltage-constant-
frequency AC on its stator and constant DC on its rotor. The hybrid power-system
presents an excellent opportunity to size the power electronics of each of the three
AC-DC power converters such that the system power electronics are at a minimum.
Furthermore, the hybrid power-system architecture has provision for reactive power
support to the AC grid through appropriate control of the grid-interfaced converter.
Additionally, the use of doubly-fed machine for generation in the hybrid power-
system architecture allows the prime-mover to be operated at variable speed at part-
load conditions. This variable-speed operation allows for 12-13% increased efficiency
of the complete power train from generation to load. The proposed system architec-
ture accomplishes reduced fuel footprint, and less weight and volume constraints, all
of which are especially relevant for a naval warship. Furthermore, through increased
efficiency of the prime-mover at part-load, this thesis presents the selection of an
optimum prime-mover based on evaluation of the optimum rated speed of the prime-
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mover. This selection procedure indicates that a prime-mover with a rated speed,
which is 1.5 times the grid frequency, is not necessary because of its larger power-
electronics footprint. Similarly, a prime-mover with rated speed centered around the
grid frequency may also not be the best choice on the basis of system power-electronics
requirement. Therefore, the designer needs to carefully consider the lowest and the
highest speeds of the prime-mover to choose the optimum prime-mover for a particular
micro-grid.
5.2 Future Work
This thesis shows the huge potential of a micro-grid based on a hybrid power-system
architecture. The hybrid power-system architecture is especially useful in a ship
micro-grid, where the propulsion load forms a major component of the power load on
the grid. Going forward, there are multiple opportunities to make the proposed hybrid
power-system architecture realizable in a mega-watt scale commercial applications.
Some of the future work that would contribute to make the hybrid architecture the
future of micro-grids is listed below.
1. The hybrid power-system architecture is in physical development in the lab.
The rotor-side converter and front-end converters have not been coupled with
the switched-DFM drive in hardware and have only been tested to function
properly in modules. Therefore, in order to realize the full benefits of the hybrid
architecture, complete hardware integration needs to be done. Extensive testing
in the lab can completely evaluate the performance of the hybrid power system.
2. The experimental test platform used in this thesis is a 2 hp laboratory-scaled
DFM. An interesting proposition would be to build the micro-grid in a mega-
watt scale and evaluate the performance of the proposed methodologies in the
thesis in the mega- watt scale system.
3. The hybrid power system provides reactive power support to the AC grid. How-
ever, it will be interesting to find the optimal levels of sharing of reactive power
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between the DFIG and switched-DFM.
4. Brushes and slip-rings are needed to access the rotor port in DFMs. Although
there has been tremendous improvement in brushes and slip-rings, finding a
way to remove these brushes and slip-rings can prove to be extremely beneficial
in terms of reduced power loss, less maintenance and improved reliability of
DFMs.
5. The control algorithms of the three converters in the hybrid power system archi-
tecture are based on constant machine parameters of DFIG and switched-DFM.
Online parameter estimation can lead to more robust control and increased sta-
bility of the micro-grid.
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Appendix A
Experimental Setup
The schematic of the laboratory schematic, which is in its final stage of development
is shown in Fig. A-1. The doubly-fed induction generator makes the AC grid of 146V
(line-to-line, rms), 40Hz. The rotor-side converter regulates the AC-grid voltage and
frequency despite variation of prime-mover speed. The DC machine is controlled to
emulate a prime-mover, such as a gas turbine, with variable-speed of operation on the
basis of the power demand from the DFIG. The choice of the AC grid frequency en-
sures that off-the-shelf doubly-fed machine remains within the rated operating speed
of 1800rpm (for a 4-pole machine). Consequently, the AC grid voltage is adjusted to
guarantee that the switched-DFM operates with a rated flux in AC grid-connected
mode. The switched-DFM load is 80% of the total power generated at full-load con-
ditions. A 20% base resistive load is connected to either the AC grid or the DC link
to emulate auxiliary loads on a ship.
Three Texas Instruments High Voltage Motor Control & PFC Developer's Kits
are used to make the rotor-side, front-end and drive-end converters. The rotor-side
converter produces a variable-voltage-variable-frequency AC waveform at the DFIG
rotor terminals to maintain a constant-voltage-constant-frequency AC grid at the
DFIG stator terminals. A three-phase LCL filter is connected between the DFIG
rotor and the rotor-side converter to filter out the switching frequency harmonics
from variable-voltage-variable-frequency AC waveform to produce an AC grid with
less harmonic noise.
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Figure A-1: Experimental Setup.
The front-end converter is interfaced with the AC grid through an autotransformer
and a three-phase LCL filter interface. It maintains a DC-link voltage and provides
reactive power support to the AC grid. This front-end converter is connected in the
setup designed by Arijit Banerjee [2]. A separate front-end converter is designed
for the DFIG system. This is needed to ensure the new front-end converter is first
tested in a standard DFIG setup before being connected in the hybrid power-system
architecture, which has a DC-link voltage controller that considers the current drawn
by both rotor-side converter (DFIG) and drive-end converter (switched-DFM). This
front-end converter has not been interfaced into the hybrid architecture yet.
The drive-end converter functions properly and has been reported in [2]. The
stator of the switched-DFM is connected to the SCR-based transfer switch that can
toggle the stator connection based on the operating switched-DFM speed. The phase
sequence change over relay ensures that the drive can operate over 1800 rpm with the
same rotor power-converter rating. In low-speed mode, the switched-DFM stator can
be connected to a separate 20V DC source or shorted together using a switch. The
shaft of the switched-DFM is loaded by a permanent magnet synchronous generator
(PMSG), which is connected to a DC-electronic load bank. The diode bridge placed
between the load bank and the PMSG ensures unidirectional current flow irrespective
of the direction of shaft rotation.
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Appendix B
Schematics
This appendix shows all the schematics for the DFIG setup. The power schematic
contains the power connections of the DFIG and the rack as shown in Fig. B-1.
The control schematics for rotor-side converter and front-end converter are shown
separately in Fig. B-2 and B-3.
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Appendix C
Setup Pictures
Figure C-1: Doubly-fed-induction generator coupled to a DC machine.
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Figure C-2: Power and control electronics of DFIG on a single rack.
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Figure C-3: NEMA power connectors on a single panel for convenient connection of
power electronics on the rack with DFIG and switched-DFM. DC power supplies for
DCM armature and field
Figure C-4: Rotor-side converter power and control electronics.
73
Figure C-5: Rotor-side converter LCL filter.
74
Figure C-6: Front-End converter power and control electronics with LCL filter.
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